I. Pig liver glycolic acid oxidase (glycolate: 02 oxidoreductase, EC 1.1.3.1 ) can function with either 2,6-dichlorophenolindophenol (DCIP) (Vmax----125o moles of glycolate per mole of ravin per rain) or 02 (Vmax = 620 moles of glycolate per mole of ravin per rain)9,1° as the electron acceptor.
INTRODUCTION
Studies on the effects of anions on the visible absorption spectrum of glycolic acid oxidase (glycolate: O2 oxidoreductase, EC 1.1.3.1. ) have indicated that there i~ at least one positively charged amino acid and also a hydrophobic region of tile protein near the flavin prosthetic group 1. Anions which cause spectral perturbations in other flavoproteins also act as enzyme inhibitors 2 G. Studies on yeast lactic acid dehydrogenase ~ and the cholinesterases 8 indicate that tile inhibition constants of an homologous series of inhibitors can yield important information about the actiw~ surface of an enzyme. The present communication describes the inhibition of glycolic acid oxidase by homologous series of monocarboxylic and dicarboxylic acids. These studies indicate that the positively charged groups function in the binding of ~-hydroxy acid substrates. A model is proposed for the enzyme-substrate complex and discussed in terms of the observed properties of the active site. Conditions under which non-competitive inhibition can approximate competitive inhibition are also discussed to account for differences in the inhibition patterns observed when different hydroxy acids are used as substrates.
METHODS AND MATERIALS
Glycolic acid oxidase was purified from pig liver by a modification L of the method of DICKINSON u. Inhibition by monocarboxylic and dicarboxylic acids was studied using DCIP as the electron acceptor. Unless otherwise stated, enzyme activity was determined as previously described a except that the concentration of potassium phosphate buffer (approx. o.I M) was varied to maintain a constant total salt concentration (substrate, inhibitor plus phosphate) of o.174 M.
It was found that after pipetting many aliquots from a dilute sample of enzyme, enzyme activity decreased. A control sample of enzyme left undisturbed for the same period did not lose activity. The reason for these losses was not discovered. Each set of kinetic experiments described in this paper was obtained with enzyme freshly diluted from a stock solution into o.I M sodium phosphate (pH 7.o) containing bovine serum albumin (5 mg/ml) to enhance stability. The diluted sample of enzyme was divided into several aliquots, and each aliquot used for no more than ten assays. Each assay was done in duplicate; the average of these two assays was used for subsequent kinetic analysis.
With the exceptions noted below, all reagents were obtained as previously described 1. Propionic, valeric, hexanoic, malonic and succinic acids were purchased from Eastman Organic Chemicals. Glacial acetic acid was obtained from Baker Chemical Company. Butyric acid was from F. P. Jay Chemicals. N-2-Hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes) was purchased from Calbiochem. Potassium arsenate was obtained from Matheson, Coleman and Bell. The monocarboxylic acids, except acetic acid, were distilled before use to remove colored impurities. All other reagents were used without further purification. Substrates and inhibitors were neutralized with NaOH before use.
Biochirn. Biophys. Acta, 227 (I97 I) 521-537 Although the two sets of data are not strictly comparable, it is clear that the enzyme can function with 02 or DCIP as electron acceptor.
RESULTS

Kinetics of the glycolate-DCIP reaction
Inhibition by monocarboxylic acids
The inhibition of glycolate oxidation at several different concentrations of acetate is shown in Fig. 2 . The inhibition is non-competitive with respect to glycolate since both the slopes and intercepts of the Lineweaver-Burk plot are affected by the inhibitor.
Eqn. I represents linear non-competitive inhibition. from the secondary plot of the data obtained with acetate (Part B of Fig. 2 ). Similar non-competitive inhibition of glycolate oxidation is observed with other members of the homologous series of straight-chain monocarboxylic acids. The pattern of inhibition is unchanged when glyoxalate is used instead of glycolate as the primary substrate. The inhibition constants obtained for the monocarboxylic acids are summarized in Table I .
It is seen that the values for K~(slope) are always smaller than the corresponding values for A'i(intereept ). It will be shown later that /£i(slm~e) is a dissociation constant for the complex of inhibitor with the oxidized enzyme, while /£i(intereept) is an apparent dissociation constant for the complex of inhibitor with a catalytic intermediate of the enzyme. Tim substrate used should not affect K~(slope) but may affect Ki~intereept). Table I shows that Kftslope) and Ki(intereept) are both independent of the substrate used when glycolic acid oxidase is inhibited by monocarboxylic acids. Both K,(slope) and Kl(intercept) decrease as the number of carbon atoms in the alkyl side chain increases (Table I) . It is quite probable that one component of the binding energy derives from electrostatic interaction of the negative carboxylate group of the inhibitor molecule with a positively charged group near the active site of the enzyme. However, the alkyl residue must also contribute to the binding affinity since the inhibition constants become progressively smaller as the alkyl residue becomes larger. If the structure of the active site imposes no steric restrictions on the paraffin chains, it is to be expected that each carbon atom will contribute equally to the binding affinity. Under these conditions, the free energy change associated with the binding of a monocarboxylic acid containing n carbon atoms in its alkyl residue can be represented by Eqn. 2.
Inhibition constants are dissociation constants (or proportional to dissociation constants)lk Therefore --RTln Ki can be substituted for AJFNet (Eqn. 3).
--RT In t( x --ZlFElectrostatic + n~F-cHz- (3) Fig . 3 shows a plot of logi0 inhibition constant as a function of n (these results were obtained for the monocarboxylic acids with glycolate as substrate).
Since we are plotting dissociation constants, rather than association constants, the free energy changes calculated directly from Fig. 3 have a positive value. If the sign is changed from positive to negative we can consider the free energy changes associated with the binding of an inhibitor molecule, rather than its dissociation from the enzyme surface.
A value of --12oo cal/mole is obtained for ZIFEleetrostatie from the intercept at u ~ o of the plot of log Kt(slope) versus n. The free energy change expected for an electrostatic interaction can be estimated from the tree energy change associated with the formation of monovalent ion pairs in aqueous solution (approx. I4oo cal/mole) ~2. Although precise comparison is not possible, the fact that the values are of the same order of magnitude supports the hypothesis that one component of the binding energy of monocarboxylic acids is associated with an electrostatic interaction.
A value for the free energy change for the transfer of one methylene group from solution to the enzyme surface can be calculated from the slope of the plot of log Kitslope) versus n. The value calculated was --71o cal/mole. Since the binding affinities of the monocarboxylic acids are inversely proportional to their solubility in water, it is reasonable to assume that this component of the total free energy change arises from a difference in the dielectric constant between the aqueous solvent phase and the protein surface 12. It is found that the free energy change associated with the transfer of a linear hydrocarbon chain from water to ethanol is 7oo cal/mole fi)r each methylene group in the chain ~2. This value is similar to the value ( 71o cal/ mole) obtained from the plot of log Ki(slope) i,ers~s Ji. These results suggest that there is a region near the active site which is similar to ethanol. This hydrophobic region must be large enough to accommodate an alkyl residue of at least five carbon atoms without steric interference. The inhibition of yeast lactic acid dehydrogenase by monocarboxylic acids follows a pattern similar to that observed with glvcolic acid oxidase. Values of IOOO and 5oo cal/mole were obtained for ,llTEleetrostatic and .d F_c~,z_, respectivelyL
Inhibition by dicarboxyIic acids
Glycolic acid oxidase is also inhibited by dicarboxylic acids but in this case the inhibition is competitive with respect to glycolate. Part A of In similarity to results obtained with oxalate, inhibition by malonate and succiuate is competitive with respect to glycolate. Unlike the monocarboxylic acids, the inhibition constants for the dicarboxylic acids increase as the number of carbon atoms increases (Table II) . This is to be expected if the two positively charged groups are rigidly held at a distance such that the formation of a bidentate enzyme-oxalate complex is sterically favorable. When methylene groups are introduced between the two carboxylate groups the conformation of the acid compatible with such a twopoint electrostatic interaction will be energetically less favorable and the effective concentration of inhibitor molecules will be less than the actual concentration.
In the case of competitive inhibition it is possible to determine the number of inhibitor molecules (n) bound per active site. Eqn. 4 represents linear competitive Ki(intereept) when glyoxalate is the substrate. A possible explanation for the inhibition patterns observed with the monocarboxylic and dicarboxylic acids will be considered in DISCUSSION.
Effect of phosphate and arsenate
The effect of phosphate on enzyme activity with DCIP as the electron acceptor is shown in Fig. 7 . Phosphate causes an activation of glycolic acid oxidase. The activation occurs over the same range of phosphate concentrations with either glycolate A similar activation by phosphate is observed when KaFe(CN), is used as the electron accepter (Fig. 8) . With KaFe(CN),, however, phosphate concentrations above o.I M inhibit the reaction. This inhibition is observed with either glycolate or glyoxalate as substrate. Raising the salt concentration using other anions, such as ('1 or Hepes, does not cause activation of glycolic acid oxidase. As seen in Fig. 8 , similar activities are observed at low concentrations of either Hepes or phosphate. However, the activity remains constant over a wide range of Hepes concentrations and then decreases at high salt concentrations. Activation is also observed with arsenate, an anion closely related to phosphate. The activation occurs within the same range of salt concentrations as does phosphate activation and is quantitatively similar to that observed with phosphate. At high concentrations of arsenate, the reaction with KaFe(CN)6 as electron accepter is inhibited.
Activation by phosphate occurs at a salt concentration similar to that required to give appreciable formation of a complex between enzyme and phosphate. Such a complex has been detected spectrophotometricallyL Other monovalent and divalent anions, which complex with glycolic acid oxidase, do not cause activation, instead they inhibit. All of the inhibition studies described previously for the monocarboxylic and dicarboxylic acids were done at phosphate concentrations which give maximal activity.
DISCUSSION
This work has shown that in the oxidation of glycolate, coupled with the reduction of DCIP, glycolic acid oxidase shows converging-line kinetics. DICKINSON 9 and DICKINSON AND MASSEY 1° have reported previously that when 02 is the electron acceptor, the enzyme shows parallel-line kinetics. Parallel-line kinetics usually indicate that an enzymic mechanism involves only binary complexes, while convergingline kinetics requires a mechanism that involves a ternary complex 14. At first sight, it appears that the mechanism of glycolic acid oxidase depends on the electron acceptor. However, this is not necessarily the case. It can be shown 9 that for a mechanism which involves only binary complexes, the slope of the secondary plot of the intercepts on the y-axis of a Lineweaver-Burk plot versus the reciprocal of the concentration of the secondary substrate (i.e. 02), should be independent of the nature of the primary substrate (i.e. hydroxy acid). This is not the case with glycolic acid oxidase. DICKIN-SON 9 found that the slope of such a secondary plot was different for glycolate and glyoxylate. In addition, it is known that under certain limiting conditions, a mechanism involving ternary complexes can give a set of apparently parallel lines in a Lineweaver-Burk plot 15. Thus it is possible that in glycolic acid oxidase, the mechanism with 02 as electron acceptor is the same as the mechanism with DCIP as acceptor.
Inhibition studies have provided further information on the active site of glycolic acid oxidase. It is proposed that the binding affinity of the monocarboxylic acids reflects both electrostatic and hydrophobic forces. Electrostatic interaction occurs between the negative carboxylate group and a positively charged group at the active site. Evidence for such a charged group was also obtained from studies on the effects of anions on the visible absorption spectrum 1. The direct correlation found between the binding affinity of a monocarboxylic acid, and the size of its alkyl residue suggests that there is a hydrophobic region near the active site. This region is large enough to accomodate an alkyl residue of at least five carbon atoms without steric interference. A hydrophobic region near the flavin moiety is also suggested by the resolved spectrum observed when anions bind to the enzymek One component of the inhibition observed with both monocarboxylic and dicarboxylic acids is due to a direct competition of the inhibitor and the hydroxy acid substrate for oxidized enzyme. This competition may be for the positively charged groups shown to be important in the binding of anions to the protein. Studies on the inhibition by oxalate have suggested that this dicarboxylic acid forms a sterically favorable bidentate complex with two adjacent positively charged groups at the active site. This model for the binding of oxalate can be adapted to explain the binding of a-hydroxy acids (see Part C of Fig. 4) . In this modified model, one positively charged group interacts with the negative carboxylate group of the substrate. A second positively charged group interacts with the partial negative charge on the oxygen atom of the hydroxyl group. It is necessary to propose this second interaction because electrostatic interaction involving only the carboxylate group cannot account for the affinity of tile enzyme for a substrate such as glycolate. The free energy change associated with the electrostatic interaction of a single carboxvlate group (--12oo cal/mole) corresponds to a dissociation constant of o.13 M. Although the Ka for the enzyme glycolate complex is not known accurately, preliminary stopped-flow studies indicate that it is similar in magnitude to K,~ (K,~ 4.2 -i(~ M). The structure proposed for the enzyme substrate complex would perhaps also explain tile specificity of the enzyme for hydroxy acids substituted at the q p()siti~,.l. A considerably decreased binding affinity, analogous to that observed with dicmboxylic acids, is expected for fl-hydroxy acids. Although maximal activity is -bserved with glycolate as substrate, this enzyme is also active with a number of ~t-hydroxy acids of medium chain length", 1°. It is reasonable to assume that hydrophobic forces are especially important in the binding of substrates such as ~z-hsdroxyis()-caproate.
Certain aspects of the inhibition studies require further consideration. \Vhv is the inhibition pattern observed with the monocarboxylic acids independent of the nature of the hydroxy acid used as substrate, whereas different inhil~iti(m patterns are observed with the dicarboxylic acids when glycolate and glyoxylate ~re used as substrates? The inhibition of the enzyme by oxalate is also dependent on the nature :)f the hydroxy acid substrate when ()2 is used as the electron acceptor. However, in this case the inhibition is competitive with respect to glyoxylate and non-comFetitive with respect to glycolate:L All of these results are summarized in It is important to emphasize the kinetic differences between non-competitive and competitive inhibition. In competitive inhibition the inhibitor affects only the slope of a Lineweaver-Burk plot. A single inhibition constant, K*(slope), is obtained. In non-competitive inhibition the inhibitor affects both tile slope and the intercept of a Lineweaver Burk plot. Two inhibition constants, Ki(slope) and Ki(interee0t), are obtained. It can be seen from Table III that the inhibitors always affect the slope term. However, whether the inhibitor also affects the intercept term depends on the nature of the hydroxy acid and the electron acceptor.
A possible explanation for the inhibition patterns observed with DCIP as the Biochin2. Biophys. ~4cta, 227 (1071) 521-537 electron acceptor will be considered. A similar argument can also be applied to the 02 system. The converging-line kinetics observed with DCIP as the electron acceptor suggest a mechanism involving a ternary complex. Various mechanisms can be written which will satisfy this requirement. One such mechanism, indicated below, has been arbitrarily selected for the purpose of this discussion. However, as will be seen, the explanation offered to account for the observed inhibition patterns can be applied to other mechanisms. An inhibitor molecule and a hydroxy acid substrate (A) or its keto acid product (P) cannot bind simultaneously to oxidized enzyme. This is a reasonable assumption since it is known from spectral studies that two anions (i.e. heptanoate and oxalate) cannot be bound simultaneously to oxidized enzyme i. Since similar information concerning reduced enzyme is unavailable, this restriction need not hold for the binding of an inhibitor molecule to reduced forms of the enzyme containing P.
According to the rules outlined by CLELAND TM, a dead end inhibitor can affect the slope of a Lineweaver-Burk plot if it combines with the same form of the enzyme as the variable substrate (E, in the case of substrate A). If an inhibitor combines with a form of the enzyme which does not bind the variable substrate, it will affect the intercept if the two enzyme forms are in reversible equilibrium. However, it will only affect the slope if the variable substrate adds at some point further along in the sequence than the inhibitor. Since the variable substrate (A) under consideration adds at the start of the sequence, the slope will be affected only if the inhibitor combines with E. This will be true for mechanisms which involve any number of additional intermediates or even an entirely different mechanism, provided that A still binds at the start of the sequence. Combination of the inhibitor with any other enzyme form can only affect the intercept. Enzyme forms incapable of unimolecular reaction with liberation of a substrate or product or isomerization into such a form are called stable enzyme forms in the CLELAND 17 nomenclature system. According to this nomenclature, E is a stable enzyme form. Enzyme forms capable of unimolecular reaction with the liberation of a substrate or productl or isomerization into such a form are called transitory corn-plexes. For example, EH~P and EQ are transitory complexes. If an inhit)itor combines with a stable enzyme form, the observed K, will be a true K~ (and therefore a true Ka). However, if the inhibitor combines with a transitory complex, the observed K, will be an apparent Kl. It will be a function of the true K~. and certain rate c()nstants in the mechanism H.
As discussed above, the slope of a Lineweaver--Burk plot with ,4 as the wtrial)le substrate will be affected only if the inhibitor combines with E. Since E is a stable enzyme form, the observed Ki(slope) will be a true K~ and should be independent of the nature of the substrate A. This prediction is satisfied reasonablv well by the data presented in Tables 1 and II . The valises obtained for K,:(sloi)e) for the monocarb()xylic and dicarboxylic acids with two different substrates are similar.
The intercept of a Lineweaver Burk plot with A as the variable substrate will be affected if the inhibitor combines witli an enzyme form other than E. Since all other enzyme forms in the nlechanism under c()nsideration are transitory, the Kt(intereept) will not be a true Ki. The observed K/(intereept) will be a function of a true K.~ and certain rate constants in the mectmnism and therefore need not be the same for different substrates. In addition, if the inhibitor combines with an intermediate such as EH2P, the true/G" need not be the same with different substrates since the nature of P will depend on the nature of A. It is therefore possible to define an observed K*(intereept) (K0) as a function of a true Ki (Kt) and certain rate constants in the enzyme mechanism (J). The values for Kt and J may vary fk)r a given inhibitor depending on the nature of the substrate. The following equations may be written :
The superscripts m and d refer to the monocarboxylic and dicarboxvlic acid series, respectively. The numbers I and 2 refer to glycolate and glyoxylate, respectively. It will be noted that Eqn. The equality expressed in Eqn. 12 is reasonable since the values obtained fl)r Ki(intereept) in the monocarboxylic acid series are approximately the same with glycolate and glyoxylate as the variable substrates (see Table I ). Tile numbers z and 2 again refer to glycolate and glyoxylate, respectively. It will be noted that the rate constants contained in Eqn. 2I can vary depending on the nature of the substrate A. Since it is known that glycolate and glyoxylate are oxidized at different rates, there is no reason to assume that these rate constants will be identical for the two substrates. This is consistent with the inequality expression.
In Case 3, qualitatively different inhibition patterns can result simply as a function of quantitative differences in the rate constants associated with the oxidation of glycolate and glyoxylate. Let us continue to assume that tile true Ki (Kt) is relatively unaffected by the nature of P (i.e. Eqns. x5 and I6 are valid). Under these conditions, J1 m and J2 m must be similar in magnitude since similar values for Ki(intereem) are observed for monocarboxylic acids with glycolate and glyoxalate as substrates. However, suppose j a is 30 times larger than J2 a. The Ki(intercel)t) observed for oxalate with glyoxalate as substrate is z. 4.io a M. Using Eqns. 9 and Io, a Ki(intereept) of approximately 4"zo 2 M is predicted for oxalate inhibition with glycolate as substrate. This value is ioo times larger than the value obtained for Ki(slope) in the case of oxalate inhibition. Under these conditions, tile concentration of oxalate required to double the intercept term would increase the slope term by a factor of zoo (see Eqn. i). Kinetically, it would be extremely difficult to detect an effect of the inhibitor on the intercept, and the inhibition would appear to be competitive.
Given the assumptions outlined at the beginning of this discussion, it is possible to rule out Case r. At the present time it is not possible to distinguish between Cases 2 and 3. Either case could account for the inhibition patterns observed with monocarboxylic and dicarboxylic acids. However, Case 3 is somewhat more attractive since the inhibition patterns can be explained solely in terms of differences Biochim. Biophys. Acta, z27 (~97 z) 521-537 in rate constants associated with two substrates which are found experimentally to be oxidized at quite different rates.
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